TP53 mutations are common in breast cancer and are typically associated with more aggressive tumor characteristics, but little is known about the clinicopathological and epidemiological relevance of p53 protein expression, a TP53 mutation surrogate, in breast cancer subtypes. In this study of 7226 Chinese women with invasive breast cancer, we defined breast cancer subtypes using immunohistochemical (IHC) measures of hormone receptors and HER2 in conjunction with histologic grade. p53 expression status was then used to further stratify subtypes into p53-positive and p53-negative. Odds ratios (ORs) and 95% confidence intervals (CIs) in case-only logistic regression analyses were used to examine heterogeneity across different subtypes. The frequency of p53 protein expression varied by breast cancer subtype, being lowest in the luminal A-like and highest in the triple-negative and HER2enriched subtypes (P-value < 0.01). In luminal A-like and B-like/HER2-negative subtypes, p53 positivity was associated with earlyonset tumors, high grade, high proliferative index, and basal marker (CK5/6 and EGFR) expression. Further, compared with luminal A-like/p53-negative patients, A-like/p53-positive patients were more likely to be parous [adjusted OR parous vs. nulliparous = 2.67 (1.60, 4.51); P-value < 0.01] and to have breastfed [adjusted OR ever vs. never = 1.38 (1.03, 1.85); P-value = 0.03]. p53 positivity was not associated with examined clinical and risk factors in other tumor subtypes. Overall, these findings suggest that p53 expression, which is readily available in many settings, can be used to identify phenotypes of luminal A-like breast cancer with distinct clinical and epidemiological implications.
INTRODUCTION
Based on gene-expression profiling, breast cancer can be classified into luminal, human epidermal growth factor receptor 2 (HER2)enriched, normal-like, and basal-like subtypes, 1 with distinct clinical and epidemiological attributes. [2] [3] [4] In general, compared to non-luminal (HER2-enriched and basal-like) breast cancers, luminal tumors have better survival outcomes and are more strongly associated with reproductive risk factors. [5] [6] [7] Nonetheless, accumulating evidence is in support of residual clinical and epidemiological heterogeneity within the major breast cancer subtypes. 8 This is particularly relevant for luminal breast cancer, which constitutes the majority of breast cancers and is characterized by substantial diversity in molecular characteristics and clinical outcomes. 4, [9] [10] [11] Despite its relatively good prognosis overall, 2,12 some patients with the luminal breast cancer subtype suffer from fatal recurrence on endocrine therapy. 9, 13 Expression profiling studies have identified at least two subtypes of luminal breast cancer, designated as luminal A and B, with different prognoses and response to treatment. 4, 14, 15 To recapitulate these subtypes in routine clinical practice, some international guidelines have endorsed the use of immunohistochemical measures on estrogen receptor (ER), progesterone receptor (PR), HER2 and KI67, a marker of proliferation, or histologic grade, a composite marker of proliferation and differentiation. [16] [17] [18] Although this classification scheme has been shown to be of prognostic 19 and therapeutic 16, 20 relevance, it does not fully capture heterogeneity in luminal tumors. 21, 22 The TP53 gene is the most commonly mutated gene in human cancers and functions in many cellular pathways including cell cycle regulation, metabolism, angiogenesis, and DNA repair mechanisms. 23, 24 Approximately 30% of breast tumors are believed to harbor mutations in TP53, 25 and recent data suggested that the frequency, spectrum, and timing of these mutations varied according to the molecular subtype of the disease. [26] [27] [28] [29] In general, TP53 mutations were less common in luminal (A and B) than basal-like tumors; occurring in 26% of luminal tumors (17% for luminal A and 41% for luminal B) as compared to 50% of HER2enriched and 88% of basal-like breast tumors. 27, 28 Further, unlike basal-like tumors in which TP53 mutation is believed to be a late event that occurs only after PTEN loss, TP53 mutation is thought to be an early event in luminal tumors. 26, 28 The physicochemical properties of the protein produced by the mutant TP53, including its non-biodegradability and its stable accumulation in the cell nuclei, 30 are different from the wildtype p53, which forms the basis for its assessment using IHC. Strong and diffuse immunostaining of p53 is generally interpreted as likely to have a TP53 gene mutation.
It has previously been shown that differences in TP53 mutation, as well as p53 protein expression, between breast cancer subtypes may confer variability in clinical behavior within these subtypes. 29, 31, 32 However, to the best of our knowledge, the epidemiological relevance of p53 protein expression in molecular subtypes of breast cancer is yet to be evaluated in any previous study. Our aim in this study was, therefore, to perform a largescale evaluation of the clinical and epidemiological significance of p53 protein expression, as a surrogate for TP53 mutation status, in molecular subtypes of breast cancer.
RESULTS

Patient characteristics by p53 expression status
Overall, 7226 women were included in this analysis. The mean age at diagnosis was 51.6 years (standard deviation = 10.8). Compared with women with p53− tumors, those with p53+ tumors were generally younger (P-value = 0.01) and had higher frequencies of aggressive tumor features including poorly differentiated (P-value = 1.06 × 10 −26 ), large size (P-value = 0.002), more proliferative (higher frequency of KI67+; P-value = 1.96 × 10 −35 ), CK5/6+ (Pvalue = 4.31 × 10 −11 ), EGFR+ (P-value = 3.55 × 10 −20 ), and aggressive molecular subtypes (B-like/HER2−, B-like/HER2+, HER2enriched and TN; P-value = 7.21 × 10 −30 ) ( Table 1 ). In general, the prevalence of p53 IHC positive staining differed by subtype, with luminal A-like tumors comprising of fewer (46%) p53+ tumors than women with the luminal B-like/HER2− (58%), luminal B/HER2+ (60%), TN (61%), and HER2-enriched (63%) subtypes (Pvalue < 0.001). We did not observe differences in the distributions of breast cancer risk factors, including age at menarche, parity, breastfeeding, body mass index (BMI) and family history, by p53 expression status (Table 2) . Table 3 shows the associations between p53 expression and tumor clinicopathological factors within each major breast cancer subtype. We observed significant heterogeneity in age associations across different subtypes (P-value for heterogeneity (P-het) = 0.001). While p53 positivity was associated with decreasing age among luminal A-like patients (adjusted OR trend = 0.89 (0.81, 0.99); P-trend = 0.002), it was associated with increasing age among HER2-enriched patients (adjusted OR trend = 1.22 (1.01, 1.47); Ptrend = 0.03). In general, associations between p53 status and clinicopathological factors were similar for luminal A-like and luminal B-like/HER2− subtypes, in which p53 positivity was associated with more aggressive tumor features such as higher grade, higher levels of proliferation (indicated by KI67 positivity), and higher frequencies of positive staining for basal markers (CK5/ 6 and EGFR). There was no consistent pattern of associations between p53 expression and tumor clinicopathological characteristics among other breast cancer subtypes (Table 3) . Table 4 shows the associations between p53 expression and established breast cancer risk factors within each molecular subtype. Among luminal A-like women, we observed that p53+ patients were more likely to be parous [adjusted OR (95% CI) = 2.67 (1.59, 4.51), 2.63 (1.52, 4.55), 3.67 (2.01, 6.71) for 1, 2, and 3 children, respectively, vs. nulliparity; P-trend = 0.006] and have had breastfed [adjusted OR (95% CI) = 1.38 (1.03, 1.85) for ever vs. (Table 4 ). Within the luminal A-like subtype, the association between p53 expression and parity was stronger when we used >25% staining to define p53 positivity [adjusted OR (95% CI) = 9.07 (1.17, 70.07), P-value = 0.03; 9.43 (1.16, 76.51), P-value = 0.04; 7.05 (0.77, 64.47), P-value = 0.08 for 1, 2, and 3 children, respectively]. However, this analysis was based on a smaller number of cases (N = 3746) for whom we had semiquantitative data on p53 IHC. Age did not appear to modify the associations between p53 expression and parity (P interaction = 0.59) or breastfeeding (P interaction = 0.66) and in analysis stratified by age categories (<50 and ≥50), the findings were similar among younger and older patients (Supplementary Table 2 ). Also, the results were essentially the same when using cutoff-points of 10 and 20% for ER and PR as compared to those obtained by using a cut-off-point of 1% (Supplementary Table 3 ). In addition, the mean ER% and PR% expression in the p53+ luminal A-like subtype were 82.7 and 61.7%, respectively, indicating that our findings are unlikely to be due to misclassification of p53+ TNBC as luminal A-like when using a cutoff-point of ≥1% to define ER+ and PR+ tumors.
Clinicopathologic significance of p53 expression in subtypes
Epidemiological significance of p53 expression in subtypes
Since previous studies showed that parity and breastfeeding were differentially associated with luminal A-like and TNBC subtypes; here, we further tested the relationships between parity/breastfeeding and breast cancer subtypes in the context of p53. When using the conventionally used luminal A-like (ER+ and PR+, HER2− and low grade) subtype as the reference group, we found that TNBC patients tended to have increased parity, but the association was not statistically significant. However, when we specifically used the A-like/p53− subtype as the reference group, the parity association became significant for TNBC [adjusted OR (95% CI) vs. nulliparity = 1.82 (1.10, 3.01); P-value = 0.02]. In particular, the association was stronger when restricting to TNBC/p53+ patients [adjusted OR (95% CI) vs. nulliparity = 2.39 (1.12, 5.08); P-value = 0.02] ( Table 5 ). In contrast, when we used the A-like/p53+ subtype as the reference group, patients with all other subtypes were less likely to be parous or to have breastfed ( Table 5 ), suggesting that the previously observed association between TNBC and parity might be largely driven by p53.
To test this hypothesis, we modeled parity and breastfeeding as separate outcome variables and p53 expression, breast cancer subtype, CK5/6, EGFR, and other risk factors as explanatory variables. We observed that only p53 positivity [OR (95% CI) = 1.51 (1.10, 2.09); P-value = 0.01] was significantly associated with parity. In contrast, the TNBC subtype [OR (95% CI) = 1.52 (0.98, 2.37); Pvalue = 0.06], rather than p53 status, showed the strongest association with breastfeeding ( Table 6) .
DISCUSSION
Including over 7000 women with histologically confirmed invasive breast cancer, this large-scale, case-only analysis evaluated the clinical and epidemiological relevance of p53 protein expression in molecular subtypes of breast cancer. Our findings indicate that p53 protein expression can be used to further stratify women with luminal A-like breast cancer into subgroups with clinical and epidemiological relevance.
The frequency of TP53 mutation varies according to molecular subtype of breast cancer, with luminal tumors tending to have lower prevalence than basal-like or HER2-enriched tumors. [27] [28] [29] In terms of IHC expression, several cut-points have been proposed to indicate p53+ tumors, including ≥1, 5, 10, or 50%, with reported frequencies ranging from 9 to 54%. [32] [33] [34] [35] [36] [37] [38] In the current study, we used a threshold of ≥1% and observed 53% of the tumors to be p53+, which is similar to the 54% that was reported by van der Kooy and colleagues 33 when considering any degree of nuclear staining (i.e., ≥1%). At a cut-point of 10%, they observed~27% of the tumors to be p53+. Due to lack of p53 data on a continuous scale for all patients, we were unable to examine the prevalence of p53+ tumors at the 10% cut-point. However, consistent with other reports, 31 we observed its frequency to vary by molecular subtype, with the luminal A-like subtype having the lowest frequency and the TN and HER2-enriched having the highest frequencies.
Several reports have documented molecular and clinical heterogeneity within subtypes of breast cancer, which is most notable for the luminal-like subtype. 4, [9] [10] [11] Although proliferation markers (KI67, histologic grade) have been used to further stratify luminal-like breast cancer into 'pure' A-like, B-like/HER2−, and Blike/HER2+ subtypes, data from recent molecular profiling studies suggest that luminal A tumors were still comprised of prognostically distinct subgroups. 39 In line with this, a previous study reported that the combination of p53/KI67 provided better prognostic stratification than when KI67 was used alone. In keeping with this notion, we found evidence in support of differences in the clinicopathological features of luminal A-like/ p53+ vs. A-like/p53− tumors. We observed that compared with luminal A-like/p53− tumors, A-like/p53+ tumors tended to occur among younger women, to be of higher grade, to have higher levels of proliferation, and to more frequently express basal markers. The precise clinical relevance of this finding remains to In addition to differences in clinical outcomes, breast cancer subtypes are etiologically heterogeneous. 3, 40 Results from epidemiological studies have shown that reproductive and hormonal risk factors were more consistently associated with the risk of luminal than non-luminal tumors. 3, 40 Interestingly, accumulating evidence is in support of within-subtype heterogeneity according to other clinically relevant tumor characteristics. [41] [42] [43] In this study, we found p53 expression to identify a phenotype of luminal A-like breast cancer that may also be etiologically relevant given its association with parity and breastfeeding. It is unclear why parity/ breastfeeding was associated with p53 expression only in luminal A-like tumors. One possible explanation may have to do with differences in the timing of TP53 mutations in different breast cancer subtypes. 26 Limited evidence from one study on BRCA1 mutated breast tumors suggested that in contrast to basal-like tumors in which TP53 mutations occur late, TP53 mutations may occur early in the development of luminal A tumors. 26 Nonetheless, the relatively small number of p53− cases in the other subtypes may have led to reduced power to detect significant differences.
Due to the absence of controls, we were unable to determine the direction of risk for the association between parity/breastfeeding and p53 expression. However, we postulate that the wellestablished protective effect of parity on luminal breast cancer 40, 44 may be limited to p53− patients, while parity may either not be associated with or may be associated with an increased risk for p53+ tumors in a similar way to TNBC. [5] [6] [7] This hypothesis is consistent with findings from an ovarian cancer study, in which 45 Indeed, given the high rate of TP53 mutations in TNBC, our findings raise the prospect that previously observed associations with parity in this subtype may be related to perturbations in the TP53 pathway. To further buttress this, we observed stronger evidence in support of differences between A-like and TNBC in relation to parity when the A-like/p53− and A-like/p53+ subtypes were modeled separately than when the A-like subtype was treated as a homogeneous entity, as is conventionally done. It has been hypothesized that terminal duct lobular unit (TDLU) involution and the attendant chronic inflammation that accompanies pregnancy may underpin the increased risk of cancer among parous women. 6, 46 Moreover, results from experimental studies have shown a mutual negative regulation of NF-κB, a key regulator of the chronic inflammatory process, and TP53 function. 47 It is, therefore, plausible that the association between parity and p53 expression may be due to perturbations in the TP53 pathway secondary to aberrant post-partum involution and chronic inflammation. In contrast to what has been previously reported for women from Western populations that TNBC patients were less likely to breastfeed than luminal patients, 40, 48, 49 our findings are suggestive of a positive relationship between breastfeeding and the luminal A-like/p53+ and TNBC subtypes. Discrepancies may be reflective of population/ethnic differences in the relationship between breastfeeding and breast cancer subtypes. For instance, we 50 and others 7, 51 have previously shown that the prevalence of breastfeeding was higher among Asian women with the luminal B-like, HER2-enriched, and TN than luminal A-like breast cancer subtype.
To the best of our knowledge, this is the first study to specifically examine the association between breast cancer risk factors and p53 expression in the context of breast cancer subtypes. Based on our findings, we have also suggested a mechanistic framework by which p53 may drive previously observed associations between parity and TNBC. An additional strength of this study was the availability of data on several tumor clinicopathological factors, which enabled us to define subtypes based on current guidelines and to account for correlated tumor characteristics in our analyses. Participants in this study were from a single institution in China with centralized measures on IHC markers thereby limiting the impact of pre-analytical variability on our results.
This study is not without limitations. First, due to lack of information on clinical outcomes, we were unable to directly evaluate the prognostic value of p53 expression in breast cancer subtypes. Owing to the absence of controls, our case-case findings could not be translated into relative risk estimates, which limited the analysis of incorporating p53 expression status in re-defining etiologically relevant subtypes of breast cancer. Second, we used p53 IHC as a surrogate for mutation status. IHC detection of mutant TP53 is based on its accumulation in the nucleus and its long half-life. Although this method shows reasonable correlation with mutation status in previous studies, it is not a perfect surrogate for complex (deletions or insertions) mutations. 52 In Note: Odds ratios (OR) and 95% confidence intervals (CI) were obtained from subtype-specific logistic regression models mutually adjusted for age, age at menarche, parity or breastfeeding, BMI and family history of breast cancer addition, due to the lack of data on a continuous scale for the majority of our patients, we were unable to evaluate the value of using 10% as the threshold for defining p53+ tumors despite that it is currently the most commonly applied cutoff-point in the literature. Nonetheless, a conservative cut-point of ≥1%, which includes cases with p53 expression of 1-9%, is more likely to lead to under, rather than over, estimation of odds ratios. To buttress this point, we observed the association between parity and p53 expression to be much stronger when we compared women with p53 expression >25% to those with <1% as part of sensitivity analysis. Third, limited power, particularly for minor subtypes, may have hindered our ability to detect clinical and etiological differences by p53 expression within these subtypes. Fourth, we defined subtypes by using IHC markers. Although well-established, dichotomization of the different IHC markers, particularly ER and PR, could lead to subtype misclassifications depending on cutoffpoints. To address this issue, we conducted sensitivity analyses using different cutoff-points and obtained similar results, suggesting that our findings are unlikely to be driven by subtype misclassification. Fifth, because this study was based on patients from a Chinese population, the external generalizability of the findings remains unclear. Future studies conducted in different populations with the inclusion of appropriate controls, quantitative measurement of TP53 expression, detailed annotation of clinical outcome and risk factor data are warranted to confirm our findings.
In conclusion, findings from this study are in support of additional clinical and epidemiological heterogeneity within luminal A-like breast cancer that is driven by p53 expression status. Notably, our findings indicate that p53 expression can be used to identify a p53+ luminal A-like breast cancer phenotype that is characterized by younger age at onset, high KI67 proliferation index, high EGFR expression, as well as associations with parity and breastfeeding practices. These clinicopathological and epidemiological attributes are analogous to what have been reported for TNBC, an aggressive subtype of breast cancer. Taken   Table 5 . Adjusted odds ratios and 95% confidence interval for the associations between parity and breastfeeding and breast cancer subtypes overall and following re-classification of the luminal A-like subtype by p53 expression Note: Odds ratios (OR) and 95% confidence intervals (CI) were obtained in multivariate polytomous logistic regression models mutually adjusted for parity or breastfeeding, age, age at menarche, BMI, family history of breast cancer together, these findings suggest that p53 IHC could be used to refine luminal A-like breast cancer definition with clinical and epidemiological implications. Further case-control or prospective cohort studies will be required to confirm the direction of risk for the associations between parity, breastfeeding, and p53 expression in luminal A-like breast cancer.
METHODS
Study population
This study is a hospital-based case-series comprised of women with histologically confirmed invasive breast cancer who were diagnosed and treated at the Cancer Hospital, Chinese Academy of Medical Sciences (CHCAMS), Beijing, China, between 2009 and 2016. A large sample of 7226 women had p53 IHC information available, as well as relevant tumor clinicopathological characteristics and breast cancer risk factors. Data on histopathological characteristics including histologic grade, lymph nodal involvement, tumor size, ER, PR, HER2, KI67, epidermal growth factor receptor (EGFR), and cytokeratin 5/6 (CK5/6) were obtained from pathology records. This project received ethical approval from the CHCAMS Ethics Committee and was exempted from review by the Office of Human Research Protections at the National Institutes of Health, NIH (exempt number 11751), since it did not involve interaction with human subjects and/or use of individual's personal identifying information. Informed consent was not required for the use of existing pathological materials with no reveal of identifiable patient information.
Immunohistochemical staining and scoring
All IHC markers were stained using standard laboratory procedures (supplementary Table 1 20 To test the potential impact of misclassifications, we also redefined subtypes based on ER/PR expression of 10% and 20%. For HER2, a score of 3+ on IHC, or amplification on fluorescence in situ hybridization (FISH), was considered as positive based on the American Society for Clinical Oncology (ASCO)/College of American Pathologists (CAP) guidelines. Cases with HER2 IHC scores 2+ but for whom information on FISH was not available were classified as HER2-negative. Because visual KI67 staining >25% has been shown to provide the best survival discrimination than other cutpoints, 53 cases with KI67 score above this threshold were considered positive. For p53 expression, the majority of the patients had dichotomous categories (0 = negative, 1 = positive). However, a more detailed scoring based on % nuclear staining (<1%; 1-25%; 50-75%; and >75%) was available for a subset of patients. In line with previous studies, 33 cases with P53 staining ≥1% were considered as positive. EGFR and CK5/6 staining were scored as 0 (negative) and 1 (positive; any staining), similarly as what we used in our previous studies. 54 Breast cancer risk factors Information on breast cancer risk factors were curated from medical records, which included age at diagnosis (N = 7226), age at menarche (N = 4697), parity (N = 4670), breastfeeding practices (N = 3997), body mass index (BMI, N = 4719), and family history of breast cancer in a first degree relative (N = 4776).
Breast cancer subtype definition
Molecular subtypes were defined based on the St Gallen's criteria by using IHC measures on ER, PR, and HER2 in conjunction with histologic grade. 16 Note: Odds ratios (ORs) and 95% confidence intervals (CIs) were obtained from multivariate logistic regression models separately for parity and breastfeeding that were mutually adjusted for p53, breast cancer subtype, CK5/6 and EGFR, in addition to age, BMI, and age at menarche We used the chi-square test to assess differences in the distribution of categorical variables by p53 expression status and the nonparametric Kruskal-Wallis test for continuous variables. Odds ratios (ORs) and 95% confidence intervals (CIs) for the associations of p53 expression with breast cancer risk factors and tumor clinicopathological features were estimated in age-adjusted unconditional logistic regression models. To assess these associations within each breast cancer subtype, we constructed logistic regression models with subtype-p53 status [for example, luminal A-like/ p53-positive (A-like/p53+) vs. luminal A-like/p53-negative (A-like/p53−)] as the outcome and each risk factor or clinicopathological factor (adjusted for age) as the explanatory variable. We also conducted multivariate regression analyses by including all examined risk factors in the model. To determine which of the variables among p53 expression, TNBC subtype, or basal marker expression i.e., CK5/6 and EGFR, was predictive of parity, we modeled parity as the outcome (parous vs nulliparous) and included p53 (p53+ vs. p53−), breast cancer subtypes, CK5/6 (CK5/6+ vs. CK5/6−), EGFR (EGFR+ vs. EGFR−), in addition to age, age at menarche, and BMI, as explanatory variables. We adopted several strategies for sensitivity analyses. First, we performed the risk factor analysis for women stratified into two age groups (<50 years and ≥50 years). Second, we substituted p53 with basal markers CK5/6 and/or EGFR in molecular subtypes and repeated the risk factor analysis. Third, we substituted grade with KI67 to define the luminal A-like and luminal B-like/HER2− subtypes and repeated all analyses using these subtypes. Fourth, we defined p53+ tumors using a threshold of >25% and examined associations with risk factors. Fifth, we examined the associations between clinical and epidemiological factors with p53 expression in luminal A-like subtype defined based on 10 and 20% cutpoints for ER/PR. Since we found no evidence of modification of our results by age or by basal markers, and because the results were essentially the same regardless of whether subtypes were defined by grade or KI67, results presented in tables were for all age groups and for subtypes defined by grade. Missing values on risk factor covariates were addressed using the listwise deletion approach. In additional sensitivity analyses, we created indicators for missing values on each risk factor in the multivariate regression model and our results remained essentially the same. All analyses were two-sided and conducted using Stata statistical software version 14.1.
